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In  connection with  the study of various  therapeutic agents and 
their effects upon the carbon dioxide production of bacteria, it was 
necessary to  investigate the  influence of  changes in  the  hydrogen 
ion  concentration  before  any  conclusions  could  be  drawn. 
Clark  1 has given a  comprehensive bibliography of the influence of 
hydrogen  ion  concentration  upon  various  activities.  Clark  and 
Lubs  2 have given a summary of the limiting reactions which govern 
the growth of some bacteria.  Most of the literature, however, is con- 
cerned with metabolic activities other than  the production of car- 
bon dioxide.  Thunberg* has observed the effects of various hydrogen 
ion cohcentrations upon surviving frog muscle, and has found that 
there was a  considerable decrease in the production of COs in both 
the acid and the alkaline range. 
Gustafson,  4 using  substantially  the  same  method as  the  writer, 
and working with Penicillium  chrysogenum, obtained a  decrease in 
the rate of CO2 production when acid was added in quantity sufficient 
to make the pH 4 or less.  He also found a decrease in the rate when 
the pH of the medium containing the organisms was 8 or more. Be- 
tween these two concentrations he found no variation in the rate of 
COs production. 
The method used by the writer was that described in a previous 
publication.  5  The apparatus is a closed system, containing at either 
1 Clark, W. M.,  The determination of hydrogen ions, Baltimore,  1920. 
Clark, W. M., and Lubs, H. A., Y. Bact.,  1917,  ii,  1, 222. 
3 Thunberg, T.,  Skand. Arch. Physiol.,  1910,  xxiii, 154;  1911,  xxiv, 23. 
4 Gustafson, F. G., Y. Gen. Physiol.,  1919-20, ii, 617. 
5 Brooks, M. M.,  Y. Gen. Physiol.,  1919-20, ii, 5. 
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end two Pyrex glass tubes, in which are placed respectively  the bacteria 
to be used and the indicator, the change in  co~or of Which measures 
the respired CO~ which is forced through the system. 
In order to facilitate experimentation, a  non-pathogenic acid-fast 
organism was used.  This was Bacillus  butyricus,  obtained from the 
stock  culture  of  the  Hygienic Laboratory,  and  isolated  originally 
from butter.  The rapid growth of this organism is an advantage; 
48 hour cultures grown on glycerin agar and incubated at 37°C. were 
used  for  all  the  experiments.  The  heavy  growth  obtained  was 
washed off into a 0.75 per cent solution of dextrose in distilled water. 
As  a  basis  of  comparison,  the  same experiments were also  per- 
formed with Bacillus  subtilis,  a  non-acid-fast organism, which had 
been planted upon  agar-agar and incubated for 18  hours  at 37°C. 
previous to use.  These organisms were then transferred to  a  0.75 
per cent solution of dextrose in distilled water. 
For e~ch experiment 2.5 cc. of 0.75 per cent dextrose solution con- 
taining the organisms were used.  The dextrose solution had a  pH 
of 7.0.  The hydrogen ion concentration of the solution was changed 
by adding drops of various concentrations of NaOH or H~SO4 from 
a  standard  dropper.  In  solutions  requiring  a  greater  amofint  of 
acid or alkali more concentrated solutions were used,  thus keeping 
the volume nearly constant. 
The NaOH was prepared from the best reagent obtainable, handled 
with all necessary precautions to avoid the absorption of COs, and 
kept under soda-lime tubes.  The I-I~SO4 was boiled for some time to 
get rid of most of the volatile impurities. 
The indicators  used  for  determining the pH  were  thymol blue, 
brom phenol blue, methyl orange, methyl red, brom cresol purple, 
phenolsulfonephthalein, and phenolphthalein.  Buffer solutions, made 
according  to  S6rensen's  tables,  were  used  as  standards  for 
comparison. 
The rate is  taken as the reciprocal of the time required for the 
change in the pH value (in the indicator tube) from 7.8 to 7.6.  This 
time varied according to the amount of bacterial suspension used. 
The temperature was kept at 21 ° q- I°C. 
Control experiments were performed with all the solutions in the 
absence of bacteria,  and  also  with  dead bacteria killed by boiling 
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Experiments  were  carried  out  for 2  hours,  after  which  time  the 
rate of production of CO2  remained practically constant for several 
hours.  For this reason it was not thought necessary to include in the 
figures  the  data  obtained  after  2  hours.  It is  assumed  that  when 
the course of the reaction reached this point equilibrium was attained. 
Fig.  1  shows  the  effect upon  the  rate  of production  of  CO2  by 
Bacillus butyricus when varying amounts of H~S04 are added to the 
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FIG. 1.  Curves showing the progressive effect of acid upon the pH value and 
upon the rate of production of COs by B.  butyr/~  (expressed  as per cent of 
the normM).  The point marked zero on the abscissae indicates  the initial pH 
value and the rate of COs production of the bacteria at the instant before acid is 
added.  The figure attached to the first reading indicates the pH just after the 
addition of acid; subsequent figures indicate the pH values at the times when the 
readings were taken.  The normal rate (which is taken as 100 per cent) represents 
a change in the pH value of the indicator tube in the apparatus from 7.8 to 7.6 
in a number of seconds, depending upon the amount of bacterial suspension used, 
when the pH value of the organisms  was  7.0.  Each curve represents a  single 
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medium containing  the  bacteria at  different hydrogen ion  concen- 
trations. 
It was found that the rate was at a  maximum at pH 7; this was 
accordingly called  100  pe~  cent,  and  arbitrarily designated as the 
"normal"  rate.  All rates were then designated as per cent of the 
normal.  When, for example, the initial pH was 6, enough alkali was 
added to make the pH 7.  The rate at pH 6 was then divided by the 
rate at pH 7 in order to express the rate at pH 6  as per cent of the 
normal rate. 
The initial pH value of the dextrose containing the bacteria was 
not always  the  same  owing  to  variations  in  the  organisms  them- 
selves.  It was found impracticable to adjust the pH at the beginning 
of each experiment to a  value which would be uniform for all experi- 
ments (for example to pH 7.0).  For this reason the curves in Fig. 1 
and  Fig.  2  do  not  all begin  at 100 per cent, but at different rates 
of production of CO~ depending on the initial pH  value of the dex- 
trose containing the qrganisms. 
In Fig.  1 and Fig.  2  the acid or alkali respectively were  added at 
the zero point on the abscissae.  The first reading in each case denotes 
the rate of production of CO~ at the instant before the acid or alkali 
was  added,  and  the pH  at this  instant  is  shown  by  the  attached 
figure.  The  addition  of acid  or  alkali changed the pH to the value 
indicated by the figure attached to the first reading.  Thus in curve 
B, Fig. 1, the pH at the start was 7.6 and the addition of acid changed 
it to 6.7,  as shown by the figure attached to  the first point on the 
curve. 
Curve A,  in  Fig.  1,  shows the effects of the addition of  acid  to 
bacteria  contained  in  a  solution  whose  initial  pH  was  7.0.  The 
pH fell at Once to 6.6 then rose to 6.7.  The production of  CO2 fell 
and rose with the change in pH value. 
Curves C and D  illustrate the effect of adding larger amounts  of 
acid:  in these cases the pH remains stationary after the addition  of 
acid while the production of CO2 falls steadily until  equilibrium  is 
attained. 
Curve B  illustrates the effect of adding acid to an alkaline suspen- 
sion of bacteria (pH 7.6).  The pH changed at once to 6.7  and sub- 
sequently fell.  The production of COs rose and fell in a  character- 
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Fig.  2  shows  the  effects  upon  the  rate  of  production  of  COs  by 
Bacillus  butyricus" when varying amounts of NaOH  are added  to the 
medium containing the bacteria at various H  ion concentrations. 
Curve A  shows the effect upon the rate of production of COs when 
to  a  bacterial suspension  whose pH is 7.0: sufficient NaOH  is  added 
to  make  the  pH  8.2.  There  is  a  considerable  decrease  in  the  rate 
which  becomes  2I  per  cent  of  the  normal.  This  is  followed by an 
increase  in  the  rate  as  the  hydrogen  ion  concentration  returns  to 
neutrality. 
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FIG. 2.  Curves showing the progressive effect of alkali upon the pH value 
and upon  the  rate  of production  of  COs  by  B.  butyricus (expressed as  per 
cent of the normal).  The point marked zero on the abscissae indicates the initial 
pH value and the rate of CO2 production of the bacteria at the instant before the 
NaOH was added.  The figure  attached  to  the first reading indicates  the  pH 
just after the addition of acid; subsequent figures indicate the pH values at the 
times when the readings were taken.  The normal rate  (which  is taken as 100 
per cent) represents a change in the pH value of the indicator tube in the apparatus 
from 7.8 to 7.6 in a number of seconds,  depending upon the amount of bacterial 
suspension used, when the pH value of the organisms was 7:0.  Each curve repre- 
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Curve/~ shows the effect when sufficient NaOH is added to change 
the reaction from pH 6.3 to pH 6.8.  There is an increase in the 
rate  as the hydrogen ion concentration approaches neutrality;  this 
is followed by  a  decrease.  At the same time there is an increase in 
the hydrogen ion concentration.  The final pH value  in  this  case 
coincides with the initial pH value. 
Curve C shows the effect when sufficient alk.ali is added to change 
the pH value from 5.6 to 6.4.  There is an increase in the rate followed 
by a decrease, and the pH value becomes gradually less. 
Curve D  shows the effect when the pH value is changed from 7.0 
to 9.0.  There is a  complete cessation in the rate for several hours; 
this is followed by a gradual increase in the rate as the medium be- 
comes more acid.  The increasing acidity is not attributable to the 
carbon  dioxide  produced,  as  this  was  frequently removed during 
the period of experimentation.  " 
Briefly summarized, when alkali is added to solutions containing 
Bacillus  butyricus  of various hydrogen ion concentrations, the rate 
of production of  COs  increases  as  the normal rate  (at  pH  7.0)  is 
approached and decreases in the opposite direction. 
The  experiments  performed  with  Bacillus  subtilis  gave  results 
similar to those expressed in Fig.  1 and Fig. 2  (Bacillus butyricus). 
Both organisms show a tendency to resist changes in the pH value. 
When acid or alkali is added there is always an initial effect which is 
quite  pronounced,  increasing  or  decreasing  the  pH  value.  This 
result is  followed by a  return  towards  the initial pH value.  This 
might be  due to absorption of the added acid or  alkali by the or- 
ganism or to the excretion of a neutralizing substance.  In the case 
of change in the rate of CO2 production produced by alkali the time 
required for recovery is considerable, but the organisms seem to be 
able gradually to overcome the cause of the depression in the rate. 
Fig.  3  represents  composite curves  of a  number of experiments 
with .Bacillus  6utyricus  (curve A)  and  Bacillus  subtilis  (curve B). 
The abscissa~ are  the "carious  pH  values,  and the ordinates are the 
corresponding rates  of CO~ production.  Each point represents the 
average of a  number of experiments.  In most cases  the rate  was 
obtained  after  the bacteria  had  been in  contact with  the  acid  or 
alkali from 30 to 45 minutes and had reached equilibrium (constant 
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A comparison of the two curves shows that the rate of production 
of COs by both organisms is a function of the pH value of the medium. 
Below pH 5.0 Bacillus subtilis is very sensitive to the effects of acid, 
while Ba~illus  butyricus is only gradually affected as the concentra- 
tion of the hydrogen ions increases.  It is not possible to state,  on 
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FIOl  3.  Rate  of production of CO2  (expressed  as per  cent  of the  normal) 
B. butyr/cus, Curve A, and of B. subti2is, Curve B, as affected by the hydrogen 
ion concentrations. 
The  normal  rate  represents  the  maximum  production  of  CO2.  This  was 
obtained at pH  7.0  in  the  case of B.  bulyri~us  and  at  pH  6.8 in  the  case of 
B.  su3tilis.  It was  measured  by noting  the  number  of  seconds required  to 
change the pH valu~e of the indicator tube from 7.8  to 7.6.  The time required 
depended upon  the amount of bacterial  suspension  used.  Each point on  the 
curve represents an average of several experiments.  Probable error of the mean 
less than 2 per cent except in the last two points of the alkaline range, where it is 
less than 3 per cent. 
the basis  of these experiments, whether or not this is due, as some 
investigators believe, to existence of a  waxy envelope in the case of 
the acid-fast bacteria, and to the absence of such a  covering in the 
case of the non-acid fast bacteria. 
It was found that when a  small amount of acid was added to sus- 
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of an  equivalent amount of NaOH to  the medium produced com- 
plete recovery, as shown by the production of CO.,.  No recovery was 
obtained by washing, centrifugalizing, and rewashing the organisms 
in dextrose solution without the addition of NaOtt.  When a greater 
amount  of  acid was  added,  the  addition  of  NaOH  produced  only 
partial  recovery.  When  the  medium was  made extremely add, no 
recovery took place. 
Recovery from the  effects of  the  addition  of alkali  to  these  or- 
ganisms was spontaneous, varying in the time required for recovery 
according  to  the  amount  of  alkali  added.  When  an  equivalent 
amount of acid was added recovery was hastened. 
In short,  decreases in  the rate of C02  production  caused by  the 
addition  of acid to  these  organisms  were irreversible  or  only par- 
tially reversible (except in certain cases in which slight additions of. 
acid were neutralized by a  subsequent addition of alkali)  while de- 
creases of similar magnitude caused by the addition of alkali,  were 
spontaneously  reversible.  These  results  are  essentially  similar  to 
those  obtained  by  Gustafson*  in  his  recovery  experiments  with 
Penicillium. 
It is evident that the effects of NaOH are not to be ascribed, to 
any measurable extent,  to  the action of Na,  since previous  experi- 
ments  5 have  shown  that  when  NaC1  is  added  to  Bacillus  subtilis 
there is a  decrease in  the CO2 production only when the total con- 
centration of NaC1 is greater than 0.15 M.  In all of the above experi- 
ments the concentration of NaOH used was  considerably less  than 
this (about one-tenth as great). 
It may be objected that the observed decrease in the carbon dioxide 
production  caused  by  the  addition  of  NaOH  is  in  reality  due  to 
buffer action or to the formation of carbonates and bicarbonates as 
a  result of the neutralization by NaOH of the C02 produced by the 
bacteria.  In  view  of  the  fact  that  the  greatest  amount  of  alkali 
added in  any experiment was one drop  of 0.1  N NaOH  it  did not 
seem probable that this buffer action was important.  The following 
series of experiments shows that it is negligible.  The normal rate 
of production of CO, by 2  cc. of an emulsion of living bacteria was 
determined.  A  tube  containing  2  cc.  of  distilled  water  was  then 
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would pass through the distilled water before going into the indicator 
tribe.  After the  rate  of production of  CO2  under these conditions 
had been determined, a  drop of NaOH was added to  this  inserted 
tube and its  effect upon  the apparent rate of CO2  production, in- 
dependent of any effect upon the bacteria, was measured.  Equilib- 
rium is very rapidly attained, since there is very little NaOH pres- 
ent in  proportion  to  the  amount of  COs  produced, and  since the 
method of stirring is  very efficient.  The NaOH in  this  tube was 
then replaced by distilled water and a drop of the alk-ali of the same 
concentration was placed in the tube containing the bacteria.  The 
difference between the results in  the two cases  would measure the 
action of the  NaOH  upon  the  organisms themselves.  (When  this 
experiment was varied by using 0.-75 per cent dextrose in place of dis- 
tilled water the resfllts were essentially the same.) 
It was found that the addition of one drop of 0.1 N NaOH had no 
measurable buffer effect.  This was also the case when the alkali was 
added to 2 cc. of an emulsion of dead bacteria in the side tube instead 
of to  distilled water.  The addition of alkali  to  the  dead bacteria 
would of course simulate more nearly the buffer effects of the actual 
experiments. 
It  is  not  proposed to  discuss  at  length  in  this  paper  the  theo- 
retical  basis  for  the  reactions governing the  distribution  of  CO, 
in  the  apparatus.  Equilibrium in  the  different carbonate-bicarbo- 
nate systems seems to be established almost simultaneously.  Regu- 
lar readings may be obtained as quickly as 5 minutes after the intro- 
duction of a Solution.  The hydrogen ion concentrations in the three 
tubes  (bacte.rial  suspension,  side  tube,  and  indicator  tube)  differ 
even when in  equilibrium with  the same  CO~  tension  because  the 
amount of base in the three tubes differs.  They may be supposed to 
be in equilibrium at the beginning of a  reading.  After this, as the 
COs is produced by the organisms there is an increase of COs tension 
in the circulating air from which COs is absorbed by the solutions in 
the tubes.  The indicator tube being farthest from the source of COs 
naturally may be expected to lag very slightly behind the side-tube 
in  its  change toward  equilibrium,  because the  latter  absorbs  part 
of the COs, thus lowering the COs pressure in the air which passes 
through it.  In  these experiments the side tube contained only 2 cc. 
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It appears therefore that the observed diminution of carbon dioxide 
production caused by the addition of NaOH to bacterial emulsions 
cannot be the result of any so  called buffer action, but it is a  true 
expression of the effect of an alkaline environment upon the bacteria. 
SU1W~kRY. 
1.  The maximum rate of CO2 production of Bacillus butyricus was 
found to be at a pH value of 7; of Bacillus subtilis  at pH 6.8.  If the 
pH value be raised or lowered there is a progressive decrease in the 
rate of production of CO2. 
2.  Spontaneous recovery follows  the  addition  of  alkali  to  either 
organism, while addition of acid is followed by recovery only upon 
addition of an equivalent amount of alkali, and is not complete except 
when the amount of acid is very small. 